A short survey of application areas and selection criteria for the different remote-sensing methods is presented. Microwave sensing is still regarded as one of the more progressive methods and its problem of angular resolution and the principle of synthetic-aperture radar are discussed. Experimental results of microwave probing are presented with examples from agriculture, meteorology, and laydrology.
Application Areas of Remote Sensing
The widespread concern about the uncertain consequences of human activities on environmental quality demands survey and control of the state and of the changes of the natural parameters on a local, regional, and global scale. Also, the procurement of information on earth resources is a strong stimulus for surveying the earth by new and efficient means. However, the natural sciences cannot deliver sufficiently decisive suggestions on the solution of these practical problems as long as many important natural phenomena and relevant ecological relations are not yet fully understood, and as long as large-scale quantitative information on the most important parameters is not available in sufficient quality and quantity. Remote-sensing techniques offer new ways of providing data on natural phenomena with three main .advantages: the large distance between sensor and object prevents interference with the environmental conditions to be measured; the potential for large-scale and even global surveys yields a new dimension for the investigation of environmental parameters; the extremely wide spectral range covered by the available sensors discloses many properties of the environmental media not accessible by a single wave Naturwissenschaften 65, 169 -173 (1978) band (e.g., the visible) or by a single conventional method. The following list is an arbitrary sample of application areas and topics for which remote sensing is significantly advantageous:
Water:
Storage of water in the snow and ice cover and the runoff forecast (resources inventory) Coastal zone, estuary, and harbor activities Ocean waves and global wind fields Sea-ice boundaries, thermal streams, and salinity distribution (shipping, marine resources) Water quality (chemical, thermal, and biological waste)
Land and Vegetation:
Soil classification and inventory (agricultural productivity, irrigation) Crop-yield forecast and plant-disease control Mineral inventory and exploration planning Pollution control and disaster assessment
Atmosphere:
Global weather mapping (cloud distribution, shortrange warning) Horizontal and vertical temperature and water-vapor distribution (numerical weather forecast) Distribution of minor constituents in the upper atmosphere (global) Pollution control of the lower atmosphere (industrial and automobile emission)
The most important feature of remote sensing is its potential for global monitoring. Space agencies are involved in many projects to develop and maintain satellites that investigate particular scientific or applicational areas by remote-sensing techniques. The success of the meteorological satellites, particularly of the Nimbus series as experimental platforms for new sensors, has encouraged the agencies and many scientists of various disciplines. In the wide area of land investigation, the Landsat-Series has been widely appreciated and during 1978 the launch of Seasat-A, dedicated primarily to oceanographic studies, is expected. These are some examples of NASA's activity. The European Space Agency also has autonomous remote-sensing projects in preparation (see, e.g., [2] ).
Methods and Selection Criteria
The selection of the proper remote-sensing technique for a particular investigation must be based on the criterion that information on the observables has to be registered with a minimum of unrestorable loss. This means an optimization is required among the following constraints: emission/scatter properties of the object; transmission properties of the intervening medium (e.g., clouds) over a long distance; The elctromagnetic spectrum and different sensor types required for remote sensing in the various ranges of the spectrum angular resolution of the sensor ' optics ;' sensitivity of the sensor; desired presentation (e.g., mapping). This has to be considered for each application separately.
The most widely used techniques are those in the visible and close to the visible range, but other ranges of the electromagnetic spectrum, including radio wavelengths and gamma radiation, have been developed and have demonstrated their potential in many applications. Also, acoustic waves are well-suited and superior to electromagnetic waves where the attenuation of the latter (e.g., in sea water) is very strong. Figure 1 is a graphic presentation of the spectrum range that is used for the majority of sensing methods. The instrumental methods listed and many applicational results have been described very thoroughly during the last few years in the original literature and in a number of textbooks and manuals (e.g., [1, 4, 7, 8] ). The multispectral imagery of the Landsat Scanner as a special example of illustrative and perceptual material immediately found a high degree of attention even in more popular journals (e.g., [6] ). However, due to the perspicuity of this imagery, some overestimation of the immediate applicability has been released and much detailed investigation on the quantitative utilization of these data must still be done.
, The Ground Resolution of Microwave Sensors
The microwave spectrum is very attractive for remote sensing because of the penetration of these waves through clouds. Huge parts of the globe are frequently covered by clouds that impair a regular observation of dynamic features on the surface by optical methods. Another advantage of microwaves is the different behavior of most natural media in this part of the spectrum as compared to the optical (essentially visible and infrared) part. Therefore, a combination of visible/infrared together with microwave methods yields much more comprehensive information on the objects than does sensing in only one spectral range. However, the disadvantages of the microwave sensing methods are: either a coarse spatial resolution, or a high degree of technical complexity. (The latter alternative results in the problem of considerable power consumption and weight on space platforms and in large antennas.) Figure 2 lites (approximately 36000 km) result in ground resolutions useful for large-scale observation, e.g., in meteorology and oceanography, but which are far too coarse for any fine-scale studies, e.g., in agriculture. Passive microwave sensing is based on natural emission of radiation, which is incoherent like noise. For this type of sensing, the angular resolution is determined by diffraction of the optics and thus limited to the values given in Figure 2 .
With an 'active' microwave sensor (radar) a coherent signal is available, and the reflections by the objects within the beam can be utilized in a processing scheme to achieve a much finer resolution in a fundamentally different way. Figure 3 is a simplified diagram. An airplane or a satellite moves along a straight line with velocity v. An on-board radar releases electromagnetic pulses of a duration z with a periodicity T in a direction sideward-down to the ground. A close object A is hit only once while B is far enough away to receive five pulses during the motion of the radar over a distance
4.v.T~R.2/L (the width of the antenna beam is 2/L and the range to the object is R).
In the synthetic aperture mode of operation, all observations (reflected pulses) of object B are integrated while the radar moves from position 1 to 5. The displacement of the radar is used as if there were individual elements of a very long linear antenna array. The further away from the radar an object is, the longer its illumination and the longer becomes the synthetic antenna array. The theory of interferometry shows that the angular resolution in azimuth (along track) is given approximately by O,~2/n d, where n. d is the distance moved by the radar between the first and the last pulse hitting a given object.
This distance is also equal to R. 2/L. Therefore, the along-track resolution is given by A W~ 0. R,,~L, approximately equal to the length of the antenna and independent of wavelength and range. The range resolution in any radar is given by AR~cz/2, where c is velocity of the radar wave. Filling in somewhat ambitious but technically feasible quantities, a resolution of 25 x 25 m as envisaged for Seasat A, is realistic. There is one important condition for a correct reconstruction of the scenery in a map: the positions of the individual elements of this synthetic array must, be known to an accuracy of 2/4; for Seasat this means 6 cm over a distance of several kilometers along the orbit. The technical complexity of a satellite-borne SAR is obvious. Not only the high power transmitter but also the tremendous amount of data to be handled are serious problems. However, the availability of an almost weather-independent sensor with a ground resolution comparable to photographic techniques is extremely attractive.
Examples of Microwave-Sensing Experiments
Many optical sensors of various types have been in operational use for several kinds of environmental services for decades on airplanes and for a somewhat shorter time on satellites. Meteorological applications are the most popular. Microwave remote sensing has yielded important experimental results for the environmental sciences, but has not ye[ been applied to fully operational systems in the civil sector. For the sake of demonstration, a few examples of the experimental approach will be discussed. Figure 4 is an image obtained by 'Side-Looking Airborne Radar' [5] , and shows images of an agricultural area taken at two different times: in November with most of the fields bare, and in July with most crops mature. The variation in greytone within one image is due to the differences in radar reflections by the different crops. It has therefore been suggested to use radar reflection properties for vegetation inventory.
The much coarser resolution of passive microwave sensing, using the natural radiation of the objects, limits its application to mesoscale and global surveying. microwaves, behaving almost as a blackbody, and thus no radiative contribution due to the meteorological features can be observed over land. Another important application of microwave sensing is determination of water stored in the snow cover and forecasting of the snow melting. The snow cover is a medium to large-scale feature that must be observed at regular periods in all weather conditions and with sufficient penetration into snow to yield quantitative information on the expected water volume. This is a typical problem that can be investigated by microwaves. The first satellite-borne experiments clearly demonstrated the feasibility of global snow mapping [3] . For any quantitative evaluation (depth of the snow layer, quantity of stored water) and for qualitative interpretation (status of the melting process), very detailed investigations of the microwave emission and scatter behavior have to be made [9, 10] . Figure 6 shows the spectral dependences of the brightness temperature that is a measure of the emitted radiation. Notice the strong frequency dependence and the drastic difference between dry (frozen) and wet snow. In conclusion one may state that the results of microwave experiments show convincingly that these methods (radiometry as well as radar) are important complements to the more established visual and infrared methods, and are the unique methods for several applications, particularly if all-weather utilization is needed.
